We present a 2-dimensional chemical evolution code applied to a Milky Way type galaxy, incorporating the role of spiral arms in shaping azimuthal abundance variations, and confront the predicted behaviour with recent observations taken with integral field units. To the usual radial distribution of mass, we add the surface density of the spiral wave and study its effect on star formation and elemental abundances. We compute five different models: one with azimuthal symmetry which depends only on radius, while the other four are subjected to the effect of a spiral density wave. At early times, the imprint of the spiral density wave is carried by both the stellar and star formation surface densities; conversely, the elemental abundance pattern is less affected. At later epochs, however, differences among the models are diluted, becoming almost indistinguishable given current observational uncertainties. At the present time, the largest differences appear in the star formation rate and/or in the outer disc (R≥ 18 kpc). The predicted azimuthal oxygen abundance patterns for t ≤ 2 Gyr are in reasonable agreement with recent observations obtained with VLT/MUSE for NGC 6754.
INTRODUCTION
The nebular emission arising from extragalactic Hii regions has played an important role in our understanding of the chemical evolution in spiral and irregular galaxies. Nebular emission lines from individual Hii regions have been historically the main tool at our disposal for the direct measurement of the gas phase abundance at discrete spatial positions in low-redshift galaxies. They trace the young massive star component in galaxies, illuminating and ionising volumes of the interstellar medium (ISM), but also bear chemical imprint of the integrated star formation of the galaxy. Hii regions emit forbidden lines from a variety of heavy elements, with which, using appropriate constraints on physical conditions, ionic and elemental abundances can be derived. Most of the observations targeting nebular emission have been made with single-aperture or long-slit spectrographs, resulting in samples of typically a dozen or fewer Hii regions per galaxy (Pagel et al., 1979; McCall, Rybski, & Shields, 1985; Skillman, 1989; Diaz, 1989; Zaritsky, Kennicutt, & E-mail:mercedes.molla@ciemat.es Huchra, 1994; Martin & Roy, 1994; van Zee et al., 1998; Garnett, 2002; Gavazzi et al., 2004; Moustakas & Kennicutt, 2006; López-Sánchez, 2010; Rosales-Ortega et al., 2011; Bresolin, Kennicutt, & Ryan-Weber, 2012) or single spectra of large survey samples (Tremonti et al., 2004) for SDSS. Regardless of approach, the overwhelming result from these studies is that spiral galaxies present clear negative radial abundance gradients.
Clearly, galaxies are complex systems, not fully represented by a singular spectrum or a simple azimuthally-averaged radial distribution of spectral emission line intensities in one dimension (1D). Integral Field Spectroscopy (IFS) is a technique that affords the opportunity to obtain spectra of extended sources and/or multiple regions as a function of spatial position within a given system. For example, IFS instruments with large fields-of-view, such as PPAK , SAMI (Croom et al., 2012) , SDSS-IFU (Bundy et al., 2015) , and MUSE , allow one to undertake full two-dimensional (2D) sampling of nearby galaxies, instead of relying upon single-aperture spectra; this then provides access to data relevant fundamental issues in galactic structure and evolution, including spatially-resolved star forma-tion history (SFH)-interstellar medium (ISM) coupling (RosalesOrtega et al., 2011; . In particular, CALIFA has demonstrated a local downsizing to form disc galaxies, with an inside-out assembly process in the growth of their discs (Pérez et al., 2013; Cid Fernandes et al., 2014) , and the existence of a characteristic common radial gradient, independent of galaxy properties Sánchez-Menguiano et al., 2016 .
Chemical evolution models (CEM) are the usual tool to interpret elemental abundance patterns. However, CEMs commonly assume that abundance distributions are azimuthally symmetric, and ignore the potential dispersion in abundances at a given position. In order to gain a deeper insight into the mechanisms that shape the chemical evolution of galaxies and take advantage of the newest (and next) generation of IFS survey data, we require, on the theoretical side, powerful and robust modelling of the physical processes and the evolution of the gas phase and stellar populations of a galaxy; from these, we could link for the first time real 2D observations with appropriate and complementary theoretical models, in order to progress from the customary, azimuthally-averaged, radial representation of galaxy observable to a spatially-resolved understanding. This synergy between high-quality IFS observations and 2D theoretical modelling represents a step forward in our understanding of the physics of galaxy evolution.
Modelling the distribution of elements within a spiral disc requires, at the least, a 2D description of the arms, bars and other structures produced by mergers or interactions. Such a description is the thrust of our current work; in particular, our initial focus is the potential differences that might exist between arm and inter-arm regions due to the influence of these aforementioned 2D structures. Spiral arms are typical features of late-type disc galaxies, which make up roughly 70% of the bright galaxies in the local volume. They are found not only in the distribution of cold gas and young bright stars, but also in the old stellar populations (Rix & Zaritsky, 1995) . One of our expectations is that a spiral wave could modify the star formation rate (hereafter, SFR), since the presence of arms increases the surface density of gas within them and, consequently, could result in enhanced star formation (with associated enhanced local feedback). Moreover, spiral arms may be more direct triggers of star formation since they may raise the probability of cloud-cloud collisions and/or increase the molecular cloud frequency, through shocks driven as the ambient ISM enters the arm (Kobayashi, Springel, & White, 2007; Dib et al., 2009 ). However, although star formation is stimulated by galactic shocks due to the spiral wave, near the co-rotation resonance, there has been an observed gap in the gas density (Amôres, Lépine, & Mishurov, 2009 ), which may be associated with a drastic reduction of the SFR. These results are also in agreement with the studies of Dobbs, Burkert, & Pringle (2011) who suggested that spiral arms are mainly 'organized' features whose main effect on ISM is to delay and crowd the gas.
From an observational perspective, only a few works have addressed the arm-interarm (or azimuthal variation) abundance question (Martin & Belley, 1996; Cedrés & Cepa, 2002; Ryder et al., 2005; Rosales-Ortega et al., 2011; Cedrés et al., 2012; Li, Bresolin, & Kennicutt, 2013) , most of them without finding any difference between zones, except for Cedrés et al. (2012) , who found rich metallicity knots located in the arms, as compared to other Hii regions in the discs of NGC 628 and NGC 6946. Sánchez-Menguiano et al. (2016) have studied the abundances of NGC 6754, finding residual abundances between arm and interarm regions, the distribution of these residuals being positive at the trailing side of the arm and negative at the leading edge, with a total amplitude of ∼ 0.1 dex. More recently, Sánchez-Menguiano et al. (2017) analysed a sample of CALIFA galaxies, computing the radial gradient of oxygen for arm and interarm regions, finding subtle differences, yet statistically significant, at least in flocculent galaxies. These findings are supported by other works (Ho et al., 2017 (Ho et al., , 2018 which estimate systematic azimuthal variations in the oxygen abundances of NGC 1365 and NGC 2997, respectively, of the order of ∼0.06 to 0.2 dex, over a wide radial range of 0.3-0.7 R 25 , peaking at the two spiral arms. Also, Vogt et al. (2017) from MUSE observations in the galaxy HCG 91c, measure azimuthal variations, with spiral arms more metal-rich than interarm regions.
From a theoretical perspective, most works treating this point analyse hydro-dynamical simulations from the dynamical point of view. Baba (2015) investigated, using a three dimensional N-body hydro-dynamical simulation, the evolution of grand design spiral arms, finding that the arms are not stationary, but rather self-excited dynamic patterns, changing within a few hundred millions years. Only some works have studied the metallicity or abundance variations by taking into account the existence of the spiral arm. Grand et al. (2016) analyse a cosmological simulation realised at high resolution for a Milky Way-sized halo, demonstrating the existence of azimuthal variations between the arm and the interarm regions in the stellar metallicities (more metal rich in the trailing edge and more metal poor in the leading one). Only limited work to date has treated CEM in 2D, such as Acharova et al. (2013) . Very recently, almost simultaneous to this work, Spitoni et al. (2019) have developed a 2D CEM, taking into account the azimuthal surface density variations and the 1D CEM code of Matteucci & Francois (1989) , to study azimuthal differences in the oxygen abundances. These authors separate the study of the density fluctuations obtained from the chemo-dynamical model of Minchev, Chiappini, & Martig (2013) from these ones due to spiral arms, to discriminate both effects upon elemental abundances. They find variations of the order of ∼ 0.1 dex, being more evident in the outer regions of the disc, when the density fluctuations are included. With the spiral arm alone they produce smaller differences, except in the corotation region. By changing the spiral wave parameters, e.g., by modifying the spiral wave pattern, which moves the corotation region towards outer radii, or assuming only one spiral arm, differences increase. These variations were higher in the early times, erasing with time.
In summary, our objective is to develop comprehensive and sophisticated 2D chemical evolution models for spiral and irregular galaxies, in order to constrain the observed IFS data. To accomplish this, we first convert the existing one-dimensional (1D) chemical evolution model, detailed in (Ferrini et al., 1992 (Ferrini et al., , 1994 Mollá & Díaz, 2005; Mollá, 2014) , into a two dimensional (2D) model, with a spatial resolution that can be adjusted to the new two dimensional abundance distributions provided by current databases. This new code includes the typical structures observed in a spiral galaxy, including the bulge, the stellar bar, and the spiral wave. Our basic framework is based on the MULCHEM updated models presented in Mollá et al. (2015 Mollá et al. ( , 2016 Mollá et al. ( , 2017 Mollá et al. ( , 2019 , each of which have been calibrated to fit the Milky Way Galaxy (MWG), and are also valid for galaxies of a wide range of dynamical mass (Mollá et al. in preparation) .
We have divided our project into three phases:
(i) As a first step, a stationary spiral wave is added at the initial time t = 0 as an over-density with respect to the exponentially decreasing radial surface density distribution of the disc. In principle, arms do change with time, but it is not clear whether they are long or short-lived features. At present, there are some models that show that the density structure becomes stationary after integration times between 400 and 1200 Myr (Antoja et al., 2011) . Moreover, even if the assumption of a stationary arm is not entirely realistic, one may expect that it should yield the strongest arm-interarm contrast. It is our main objective to test whether such perturbations may induce detectable differences (that is, larger than the typical uncertainties of the data) in the SFR and elemental abundances, and thus we will consider this first check as a prototype model to evaluate its potential impact upon the observable properties of the disc.
We then include the rotation of the arm in our model and compare with the results obtained for a stationary wave. Any mixing, caused by the wave rotation and/or any movement of gas between spaxels or spatial cells, is expected to produce a larger dispersion of chemical abundances, and therefore a likely decrease in the arminterarm contrast, compared to the stationary model. We also show a model where the overdensity is added to the galactic halo, so that the growth of the spiral arm takes place smoothly with time, simultaneous to the disc formation, and therefore much smaller differences with respect to the unperturbed model are expected.
(ii) In our subsequent work, a parametric study will be carried out, where we will compute a more complete set of models, varying the parameters that define the spiral wave, in order to check which quantities have a more significant impact upon the physical properties of the galaxies. Within this new set of models, the possibility of creating the spiral arm at different moments in a disc's evolution will be explored.
(iii) Finally, we will take into account the time-dependent nature of these structures (see Fig. 2 from Roca-Fàbrega et al., 2013) . The time evolution of the spiral arm, including the effect of nonaxisymmetric coplanar radial flows driven by the stellar bar, as shown by Cavichia et al. (2014) , implies that we have to take into account the movement of mass from one spaxel to its neighbours. The variety of features and the nature of our framework results in a complex extension to the base model presented here, and lie beyond the scope of this initial work; this does not undermine the results of the current paper. Nevertheless, it will form the subject of our currently 'in prep' work.
In nutshell, we outline here how to modify our basic 1D framework, and show the first models applied to a Milky Way-type galaxy (MWG). We then analyse the effects of the over-density created by a spiral wave on the resulting elemental abundances and SFR in predicted 2D distributions. In Section 2, we describe the adopted methodology and, specifically, how the arms are included. In Section 3, we show the results for a set of computed models, comparing them with the ones obtained with a classical azimuthally symmetric 1D model, mainly in relation to the resulting differences in the distributions of elemental abundances and the SFR. We also confront these results with both extant data and comparable models. Our conclusions are given in Section 4.
MODELS

The azimuthally symmetric scenario
Starting from the parametric 1D framework of Mollá & Díaz (2005) and Mollá (2014) , we apply the multiphase chemical MulChem model described by Mollá et al. (2015 , 2019 , to the Milky Way Galaxy (MWG), in order to develop a new generation of bi-dimensional 2D-MulChem models.
The azimuthally symmetric model for the MWG starts with a spherical protohalo with a dynamical mass M dyn = 10 12 M (Piffl et al., 2014; Watkins, van der Marel, Sohn & Evans, 2019) . The initial mass of the halo collapses onto the equatorial plane to form a disc with mass M D . We use the equations from Salucci et al. (2007) giving the rotation curves for both halo and disc as a function of the dynamical mass of the dark matter halo, and, with them, we calculate the corresponding radial mass distributions for a galactic halo and disc within a radius R: M H (R) and M disc (R). Moreover, we have included in the term D the mass of the bulge: M D (R) = M disc (R) + M B (R), which we assume to be zero, that is, M D (R) = M disc (R), for radial regions located at R > R B = 4 kpc (see Mollá et al., 2016 , for details concerning the calculation of these mass distributions).
In order to progress from 1D to 2D modelling, we must define our reference frame in terms of cylindrical (R, θ) or, equivalently, cartesian (x,y) coordinates rather than radial coordinate R only. Panel (a) from Figure 1 shows our previous 1D scheme, where the galaxy was divided into concentric annuli (cylinders) between galactocentric radii R ± ∆R 2 , with ∆R = 1 kpc. Each of these regions contains a mass
) distributed over an area 2π R ∆R. Now, we define a plane with 33 regions between x = −16 kpc and x = +16 kpc and y = −16 kpc and y = +16 kpc. Each region is therefore, ∆x × ∆y = 1 kpc × 1 kpc wide, centred on (x, y), or, equivalently:
as illustrated by Panel (b) in Fig. 1 .
At the initial time t = 0, all the mass in the halo is assumed to be in form of gas, while M disc (R) = M B (R) = 0. The infall of the gas from the halo to the disc or bulge is assumed to occur with a collapse time scale τ(R):
where ∆M H (R, 0) and ∆M D (R, t pr ) are, respectively, the initial halo and disc masses at the end of the evolution (i.e., at the present time t = t pr , which we assume to be 13.2 Gyr) in each radial region located at galactocentric distance R. The infall rates resulting from these equations for galaxies with masses different from that of the MWG are provided in Mollá et al. (2016) . There, they are compared with both empirical data and cosmological simulations, analysing the radial differences and the evolution with redshift. These radial distributions are listed in Table 1 where we give, for each galactocentric distance R in column (1), the total mass of the protohalo ∆M(R), or initial mass of the halo, ∆M H (R, t = 0), in column (2), the expected final mass after the evolution, for disc, ∆M disc (R, t pr ), bulge, ∆M B (R, t pr ), and halo, ∆M H (R, t pr ), in columns 3 to 5, and the necessary collapse time scale τ(R), in Gyr, to obtain these distributions at the present time in column 6. In columns 7 and 8, the total rotation velocity and the corresponding one for the disc component are given.
To set up the initial masses in 2D-MulChem, we use the same radial mass distribution M H (R, t = 0) assumed in our classical scenario. We then calculate the original halo density in a region located at a radius R:
where h(R) is the height of each halo region between two cylinders [h] Table 1 . Radial distributions of total mass, present-day disc, bulge, and halo mass, collapse time scale, and total and disc rotation velocities for radial regions in a MWG-like galaxy.
and ∆M H (R, t = 0) = ∆M(R) is the mass given in column 2 of Table 1 . We assume now that the new halo regions are square prism with base ∆x × ∆y = 1 kpc × 1 kpc, centred on the point x, y or R, θ, and that the density is the same as before. Thus, the mass in the halo corresponding to each cell is:
Once the mass in each cell (x, y) is computed, we assume that this gas falls onto the equatorial plane at the same collapse time τ(R) specified in Table 1 . That is, all cells with the same R will have the same initial mass and collapse time, without any dependence on the angle θ.
Molecular clouds and star formation
As explained in Mollá & Díaz (2005) , we assume that star formation (SF) follows a Schmidt law in the halo regions; however, in the disc, the star formation occurs in two steps: first, molecular clouds, cD, form from diffuse gas, g D ; then, stars (of two mass ranges, low mass stars, s 1 , and intermediate mass and massive stars, s 2 ), form through cloud-cloud collisions; a second star formation process then appears, resulting from the interaction of massive stars s D,2 with the molecular clouds c surrounding them. Therefore, we have different processes defined in the galaxy:
(i) Star formation by spontaneous fragmentation of gas in the halo: ∝ κ h;1,2 g n H , where we use n = 1.5, g H being the mass of (total) gas in each halo region.
(ii) disc formation by gas accretion from the halo or protogalaxy: f g H , f being a parameter such that f (R) = 1/τ(R) (see Eq. 2) (iii) Formation of molecular clouds, c, in the disc from the diffuse (atomic) gas, g D . This process is proportional to the mass of diffuse gas: ∝ κ c g D .
(iv) Star formation in the disc due to cloud-cloud collisions: ∝ κ s;1,2 c 2 , with c in solar masses. (v) Diffuse gas restitution in the disc due to cloud-cloud collisions: ∝ κ s c 2 . (vi) Induced star formation in the disc due to the interaction between molecular clouds, c, and massive stars, s 2,D : ∝ κ a;1,2 c s 2,D (vii) Diffuse gas restitution in the disc due to the induced star formation. Massive stars, s 2,D , induce SF in the surrounding molecular clouds, c, but their radiation also destroys a proportion of them: κ a c s 2,D (viii) Ejection of gas to the ISM by the destruction or death of stars.
The terms κ h (x, y), κ c (x, y, t), κ s (x, y) and κ a (x, y) are therefore, the proportionality factors of the SF in the halo, the cloud formation, the cloud-cloud collision, and the cloud-massive stars interactions (the last two create stars from molecular clouds), respectively. Since stars are divided into two groups, s 1 , and s 2 , the parameters involving star formation are divided into two groups, as well; thus: κ h = κ h,1 + κ h,2 , κ s = κ s,1 + κ s,2 + κ s , and κ a = κ a,1 + κ a,2 + κ a , where terms κ s and κ a refer to the restitution of diffuse gas due to cloudcloud collisions and massive stars-cloud interaction processes, respectively.
In the following equations, we will omit the x, y, t dependence of the already defined quantities to alleviate any potentially confusing notation. Thus, the star formation law in the halo and disc are defined:
,where c is the molecular gas, which itself forms from diffuse gas and suffers from destruction processes (v) and (vii), leading to:
The equations to calculate κ h , κ s , and κ a were given in Ferrini et al. (1994) and Mollá (2014) ; each depends upon the volume of each halo or disc region, and are derived via various efficiency factors, h , s , and a . These efficiencies represent probabilities (in the range [0, 1]) associated with processes of conversion among the different phases and are assumed to be constant within a galaxy. The efficiency to form stars in the halo, h , is obtained through the selection of the best value able to reproduce the SFR and abundances of the Galactic halo (Ferrini et al., 1994) and takes a value between 1 × 10 −3 and 3 × 10 −2 . The parameter κ a (x, y) = κ a , also appears without any dependence on the position of the region. The corresponding efficiency, a , which includes the interactions between clouds and massive stars -local processes-was also obtained from the best value for the MWG. Since in the present work, all our disc regions have the same area (1 kpc 2 ), by assuming that the height of the disc, h, is always the same, h ∼ 200 pc, all volumes are similar and therefore the corresponding parameters have no dependence on galactocentric distance. Thus, the parameter κ s is also the same for all our cells.
For κ c we use the same prescription as in Mollá et al. (2017) :
where Z = Z(x, y, t) is the total abundance of metals or metallicity, Z ini = 1.4 10 −5 is a threshold value for commencing star formation at early times, and Σ * and Σ gas are the surface density for stars and total gas, respectively; that is, Σ gas = Σ g D + Σ c , and the value 2.67 has units of Gyr
Model equations
Having defined the initial spatial distributions of mass, and the relevant physical processes implemented within our framework, it is necessary to solve the 2D-MulChem system of differential equations that determines the evolution in time of each region located at (x, y):
where D H,D are the death rates, which depend on the average lifetime of stars of mass m, through the following:
The quantities g, c, and s denote the masses of diffuse gas, molecular clouds, and stars, respectively, in each region (x, y), and the sub-index H or D corresponds to the halo or the disc component. We assume that stars are created in the range m min = 0.15 M to m max = 100 M , dividing them into two types: low mass stars with m < 4 M , which corresponds to sub-indices 1, and intermediate mass and massive stars, m ≥ 4 M , which correspond to sub-indices 2. Each equation defines the conversion of mass from one phase to the other, as explained in Section 2.2. The terms W H,D are defined in the next subsection.
Stellar yields and element ejecta
The equations governing the evolution of the chemical abundances are equivalent to those given in Mollá et al. (2017) :
where 
which give the total production of each element i created by the other elements j, integrated via the initial mass function and taking into account the SFR which occurred at each time t − τ(m).
To compute the elemental abundances, we use the technique based on the Q-matrix formalism (Talbot & Arnett, 1973; Ferrini et al., 1992) . Each element (i, j) of a matrix, Q i, j gives the proportion of a star which was initially element j, ejected as i when the star dies. Thus,
If we take into account the number of stars of each mass m, given by the initial mass function (IMF), φ(m), that eject this mass m i, j , we have:
and, therefore, the term jQ i, j (m)X j in Eq. 12 represents the mass of an element i ejected by all stars of initial mass m by taking into account all possible production channels. Stellar yields have usually been computed assuming only solar relative abundances among the different elements at a given Z. However, the relative abundances of elements are neither always solar nor constant along the evolutionary time. The use of Q matrices allows us to take into account possible differences of chemical composition within a given Z, relaxing the hypothesis of solar proportions in the ejection, since each element i relates with its own sources (see Portinari, Chiosi, & Bressan, 1998 ,for details about the different components Q i, j ). Following Mollá et al. (2015) , we use the stellar yield sets from Limongi & Chieffi (2003) and Chieffi & Limongi (2004) for massive stars, together with yields from Gavilán et al. (2005 Gavilán et al. ( , 2006 for low and intermediate mass stars, combined with the IMF from Kroupa (2001) . For supernovae type Ia (SNe-Ia) we use the timedependent rates given by Ruiz-Lapuente et al. (2000) . The stellar yields for SNe-Ia are those of Iwamoto et al. (1999) . As shown in Mollá et al. (2015) and Mollá et al. (2019) , the observational data for the MWG are well-reproduced with our 1D-MULCHEM model.
The spiral wave over-density
In order to include the effects of a spiral wave, we follow Junqueira et al. (2013, hereinafter JUN13) . The surface density of a disc may be represented as the sum of an axi-symmetric surface density and a perturbed surface density Σ sw (R, φ), which represents the spiral pattern in a frame that rotates at a angular speed Ω p . This means that to our radial distribution of disc mass, we now add the surface density of the spiral wave, Σ sw (R, θ), obtained by solving the Poisson equation, as per JUN13:
where ϕ is the azimuthal coordinate at the rotation frame of the spiral wave, and therefore ϕ(t) = θ − Ω p t, with θ being the angle in Figure 3 . Surface density for the spiral wave corresponding to equations from Section 2.5 computed with parameters from Table 2 . We include it at the initial time of the regions, Σ S W (x, y) on the disc mass for models SWD, SWS and SWR. This corresponds to the halo in model SWH.See section2 for definition and description of computed models.
the inertial frame, and
while f m (R) denotes the shape function given by
where ζ 0 is the perturbation amplitude, ε −1 s is the scale length of the spiral arm, m is the number of arms, i is the pitch angle, R i is the point where the spiral crosses the coordinate x = 0, σ is the width of the Gaussian profile in the galactocentric azimuthal direction, k = m R tan (i) , and γ is a phase angle. Eq. 16 is obtained with the assumption of a zero-thickness disc and that of tightlywound spiral arms in the plane z = 0. Figure 2 shows the definition of the pitch angle of a spiral wave, and we may also see this spiral wave compared with the circle or annulus defined by a radius R and what R i would be in this case.
The properties of arms which have been considered in this paper are taken from JUN13 and summarised in Table 2 . With these characteristics, the arms create a density contrast that is around 15-20% (Antoja et al., 2011) , and take the shape shown in Figure 3 . The hypothesis being tested is that this spiral wave might modify the SFR and, consequently, the elemental abundances in these regions with higher densities of gas compared with the ones where the density maintains the same values.
Computed models
We have computed five models whose characteristics are given in Table 3 . The first (referred to as AZ) is the classical model with azimuthal symmetry that we use to compare with the remaining four models; these four all include the spiral wave (SW), implemented as described in § 2.5. In models SWH (Spiral Wave in the Halo) and SWD (Spiral Wave in the disc), we assume that the spiral arms are always in the same place with respect to the stars, and the overdensity co-rotates with the galactic disc as if Ω p = V(R)/R. Model SWS takes into account the motion of the spiral pattern (S), while model SWR also includes the rotation (R) of the galactic disc. In SWH, the mass corresponding to the arm is added to the halo mass in each region at the initial time:
where the first term ∆ M H (x, y) corresponds to Eq. 4, while the second one, M SW (x, y, 0) = Σ sw (R, θ) A, is obtained by multiplying the surface density perturbation Σ sw (R, θ) given by Eq. 16 for t = 0, by the area A = 1 kpc 2 of each individual region in the model. One must take into account that this over-density is added to the halo mass, and it needs to fall over the equatorial plane forming the disc. Therefore, the contrast may, at the end of the simulation, be lower than the empirical value of 15-20%.
In SWD, the spiral wave over-density given by Eq. 16, also evaluated at t = 0, is added directly to the disc as a perturbation ∆ g SW (x, y, t) that is assumed to grow proportional to the depletion of the halo gas (i.e. roughly proportional to the disc mass):
Numerically, this is implemented as a term of the form d∆ g SW dt that is added to the variation of the diffuse gas in the disc dg D dt at every time step. Such a prescription ensures that the intended magnitude of the perturbation is reached at the end of the evolution, avoiding an unrealistically strong spiral pattern at early times.
In all our models, the galactic disc (gas and stars) is rotating according to the rotation curve V(R) appropriate for a M dyn = 10 12 M system (Salucci et al., 2007) . In fact, we have derived the radial distribution of the disc mass expected at the present time from this rotation curve, which yields the usual exponential profile. In models SWH and SWD we have only added the spiral density wave as a perturbation over the original disc or halo density, assuming that both the disc and the wave rotate simultaneously. We may consider that these two models, as well as AZ, are computed in the rotation reference frame.
In SWS, we develop a more realistic model by adding the corresponding mass over-density to the disc regions, as in SWD, but also including the rotation of the spiral arm. In this case, as the spiral wave is also rotating, we have computed the surface density perturbation using Eq. 16 with ϕ(t) = θ−Ω p × t. As before in SWD, we also multiplied it by the halo depletion factor that approximately takes into account the growth of the disc:
Finally, we compute another model, SWR, where we take into account both the rotation of the spiral wave and the rotation of the disc itself,so we use the difference Ω p − Ω, instead of only Ω p , to compute the angle ϕ(t) = θ−(Ω p −Ω)× t. Since the rotation velocity is almost flat for R > 5 kpc, the angular velocity Ω(R) = V(R)/R of the disc is higher than Ω p at the inner regions and lower at the outer ones, and the resulting Ω p − Ω is positive within the co-rotation radius (approximately coincident with the solar neighbourhood) and negative beyond. The net effect of disc rotation is thus a reduction of the effective propagation speed of the spiral wave, varying with galactocentric distance. The relevant equations are similar to those for SWS, with the exception of using Ω p − Ω for computing ϕ(t). It is expected that both models, SWS and SWR, mix the gas much more than the first two models without rotation. Therefore, differences between arm and inter-arm regions should be smaller, without a clear dependence on the azimuthal angle.
As explained, we compute a classical model with azimuthal symmetry using only the density distribution corresponding to Table 1. This is AZ, the basic model with which we compare the other four. This model, as implemented in 1D-MulChem scheme, has been calibrated in Mollá et al. (2015 Mollá et al. ( , 2017 with MWG data (radial distributions of diffuse and molecular gas, stars, and SFR, as well as elemental abundances of C, N, and O at the present time). Predicted abundance patterns at other times are described in Mollá et al. (2019) .
RESULTS
Present time
Here, we will compare the distributions of stellar mass surface density, SFR, and elemental abundances of O and N obtained from the AZ model at the present time with the results of the four other chemical evolution models, to see the effect of the spiral arm on these observables.
Bi-dimensional maps are plotted in Figure 4 , showing the results of the classical AZ model in column 1, and the residuals of each model (SWH, SWD, SWS, and SWR) minus AZ in columns 2, 3, 4, and 5, respectively. The first row corresponds to stellar surface density, in logarithmic scale and M pc −1 units; the second one to the SFR surface density, also in logarithmic scale and M pc −2 Gyr −1 units; the third one to the oxygen abundances as 12 + log (O/H); and the final row to the nitrogen-over-oxygen relative abundance, written as log (N/O). Since all are shown in decimal logarithm scale, differences between models with SW and AZ indicate the ratio between two quantities, in dex.
We also present the surface densities of stellar mass and star formation rate, the oxygen abundance and the nitrogen-to-oxygen ratio for the present time in Figure 5 , as a function of the galactocentric radius R and azimuthal angle θ. In addition to the differences between SW models and AZ, we also show absolute values in the top panels of Fig 5a) , b), c) and d), together with observational data compiled from the literature (Mollá et al., 2015) .
As shown in Figure 4 , the spiral wave manifests itself clearly in the present-day stellar surface density -top row -in models SWH and SWD -second and third columns, respectively. Differences are of the order of ∼ 0.05 − 0.1 dex, consistent with our input of the spiral arm, with the highest values observed in the outer regions near the ends of the arms. For the most realistic models, SWS and SWR, where the rotation of the spiral density wave (and the disc, in the latter) is implemented, the magnitude of stellar surface density variations compared with AZ are similar to SWH and SWD in the inner regions, but substantially smaller in the outer disk. Most importantly, they do not show any spiral wave shapeor any other azimuthal angle dependence, as shown in the bottom panel of Fig. 5a ) -due to the mixing effect of rotation. Differences between each model and AZ for SFR are shown in the second row of Figure 4 as well as Figure 5b ). Once again, differences in SWH and SWD are small except in the outer regions of the disc (R > 14 kpc). There is also an azimuthal pattern with two maxima at 140 and 320 degrees, corresponding to the location of the spiral arms. Models SWS and SWR reach fairly high values, up to ∼ 0.2 dex, in a star-forming ring around 5 kpc with a slight modulation pattern in the azimuthal angle. We may still see the spiral wave in SWS at the present time but not in SWR, where it has been distorted by the disc rotation, even though a certain variation with θ is visible in the bottom panel of Fig. 5b ) for these two last models, at variance with the stellar density profile. Many of these effects should be detectable in Hα, where flux measurements with relative errors of the order of a few percent are routinely available.
In general, the effect of the spiral arms on the elemental abundances of O and N is smaller than in Σ * and SFR. For 12 + log (O/H), shown in the third row of Figure 4 and panel c) of Figure 5 , differences are always positive. The maximum residual is ∼ 0.1 dex, almost half the value of that of the stellar or the SFR surface densities, and smaller or of the same order as the typical uncertainties in observational estimates of the oxygen abundance. Still, the spiral wave is seen in both SWD and SWH, whereas the rotating models SWS and SWR do not show any spiral pattern. The overdensity due to the spiral wave hardly changes the distribution of the oxygen abundances because the mixing due to the rotation of the wave creates high abundances across the entire disc, homogenising the ISM and its abundances. The abundance differences (always > 0) are more clearly seen as depending on the azimuthal angle in the non-rotating models.
The resulting simulations are here compared with the data compiled in our previous paper (Mollá et al., 2015) , and we see that they differ from the observational ones in the outer regions of the disc. However, the O abundances from the observational data were compiled from different sources (PNe, Cepheids, OB stars, HII regions) and authors and, therefore, small variations of the radial O gradient along the Galactic disc may be erased by this method. Indeed, there are some authors claiming that the O radial gradient cannot be fitted by a single-slope gradient, and it is necessary to take into account a possible bimodal distribution of the O gradient with different slopes in each region (see e.g. Maciel & Andrievsky, 2019; Korotin, Andrievsky, Luck, Lépine, Maciel & Kovtyukh, 2014 , and references therein). However, many authors claim that the distribution is actually flatter for R> 13 − 15 kpc, at variance with our steeper one.
The nitrogen-over-oxygen abundance ratio, log (N/O), is shown in the fourth row of Figure 4 and panel d) of Figure 5 . For N/O, differences are essentially non-existent in SWS and SWR. In SWH and SWD, the N/O differences are even smaller, even with negative residuals in some regions. We notices that N/O shows an abrupt change from positive to negative just before and after the spiral arm. This only occurs in the outer regions of the disc (mostly for R > 16 kpc). In the rest of the disc, the spiral wave does not show a significant effect at the present time. In fact, as averaged values, we can say that variations with azimuthal angle are fairly negligible, and certainly smaller than the observational error bars achievable at the present time.
In all SWR panels, the co-rotation ring 8 kpc is very clear, corresponding to where both frequencies are equal: Ω p = Ω(R), thus suppressing the time dependence of the over-density in this model, doing results, mainly abundances, similar to the AZ model [dex] Figure 4 . Results for AZ in the present time, column 1, and differences of our four models, SWH, SWD, SWS and SWR, in columns 2, 3, 4 and 5, respectively, for the stellar surface density, first row, (in units of M pc −2 ), in logarithmic scale; the SFR surface density, (in units of M pc −2 Gyr −1 ), second row, ( in logarithmic scale as row one); for oxygen abundance, as 12 + log (O/H), in third row; and for the relative abundance of nitrogen-to-oxygen ratio, as log(N/O) in the bottom. along regions in this radius. However, the effect of the spiral wave is apparent inside this co-rotation ring, creating a radial distribution with a lobe. Spitoni et al. (2019) results are in agreement with most of these findings, the largest fluctuations with azimuth being more evident in the outer regions of the disk. However, with a spiral arm, they obtain the largest variations in the corotation region, at variance with this work, although our residuals are in excellent agreement with the small values ( Res OH ≤ 0.01 dex in their model S2A) of the other radii produced by these authors.
Time evolution
The results discussed in the previous section correspond to the state of the Galaxy at the present time. Since some authors claim that the arm tends to disappear with on Gyr timescales, or even shorter (Baba, 2015) , we need to check at which moment of the evolution it will be necessary to add the arm to see its effects upon abundances. It would probably be better to include the arm at some other later time, such as t ∼ 12 Gyr, instead of t = 0 (as is currently done). Although we have included the spiral wave and its corresponding over-density from the initial time t = 0, we also have the results for the evolution from this time until the present, and so, we may learn something about how changes the effect of the spiral arm with time analysing the complete set of results and not only the final state described by the present time. The SFR must change as a consequence of the spiral density wave as it increases the density of gas in each cell and, if it changes with time due to the rotation, this will also produce a corresponding decrease. These expectations may be clearly seen in Figure 6 , where the evolution with time for the differences with AZ in the SFR surface density is represented for three cells, (5,0), (8,0) and (13,0) from top to bottom. Each model is shown by a different colour and line-type, as noted in panel a) and Table 3 . There, we see the effect of the over-density on the SFR of different models. The cycles of increase and decrease suffered as a consequence of a rotating spiral wave (SWS and SWR models), with rapid variations due to the evolution of the wave with time, are clear.
Model SWR shows smaller differences with AZ than SWS, due to the smaller final Ω p − Ω value used in the evolution of the spiral density wave. Moreover, in the co-rotation ring, the radius in which Ω p = V/R, the time evolution of the over-density disappears, similar to that seen in the same zone of model SWD.
It is expected, from dynamical studies, that the spiral arm had a stronger effect at the beginning of its evolution, and then, due to the mixing of stars and gas, differences tend to disappear with time. We have analysed this possibility by measuring the differences or residuals between each one of four models with a spiral wave and the AZ model, for the four quantities we have studied for the present time; therefore, we have calculated the mean values of these residuals with time, and their dispersion around these mean values:
where J is each quantity, log Σ * , log S FR, 12 + log (O/H) and log (N/O). NT is the total number of regions or spaxels calculated, 1089 (33 × 33) in our case, and SW indicates each one of the four models SWH, SWD, SWS and SWR. The corresponding dispersion, σ, comes from:
We show in Figure 7 the evolution with time of these averaged residuals with their dispersion for: a) the logarithm of the stellar surface density, log Σ * ; b) the logarithm of the SFR, log SFR; c) the oxygen abundance, 12 + log (O/H); and d) the relative abundance ratio of nitrogen-to-oxygen, log (N/O).
For N/O, the differences are effectively constant and show very small variations with time in the four models. For the other three panels, however, differences with AZ decrease with time with maximum values occurring at t ∼ 1 Gyr for stellar and SFR densities, and at t ∼ 2 Gyr for O/H and N/O. For SWS and SWR, the dispersion increases slightly at late times for SFR and O/H. The average with time and the maximum values of < Res J > corresponding to the present time, are included in Table 4 with the corresponding dispersion.
Interestingly, and as we expected, the SWR model displays smaller averaged residuals than SWS, except for the stellar density. In fact, the averaged residuals take values in the range ∼ 0.01 − −0.04 dex for the stellar density, and SFR, in SWH and SWD but only reach to 0.02 in SWR and SWS. These residuals are smaller for O/H and N/O in all models and for all times. These residuals are difficult to observe since they do not show an azimuthal dependence.
This dependence could, however, be seen at the early times of the evolution of the spiral wave, before they disappear. It must be noted, though, that the maximum must occur just when the spiral density wave is produced. In that moment any perturbation may produce a Fourier wave which creates the density waves, until the system relaxes. Then, the spiral density wave disappears. However, the initial cause or perturbation may occur again, and in this way the spiral density wave would be a recurrent process. The arm induces strong kinematic imprints (Antoja et al., 2011) , and therefore a more sophisticated model, well beyond the scope of this work, would be necessary to properly take into account the time evolution of the spiral wave.
Bearing such caveats in mind, let us now plot, in a similar way to Figure 4 , the differences with respect to the AZ model for different times. We show in Figure 8 the stellar surface density for AZ in column 1 and, as before, the differences with respect to it, SWH-AZ, SWD-AZ, SWS-AZ and SWR-AZ, in columns 2, 3, 4, and 5, respectively. Rows 1 to 5 correspond to times 0.10, 0.25, 1.20, 4.40 and 8.60 Gyr.
It is evident in this figure that differences with AZ in SWS and SWR are similar, although slightly smaller than those from SWH and SWD, showing the spiral shape, in the first two/three times. After this, however, the disc homogenizes, and trends along the azimuthal angle tend to disappear. For SWH and SWD, however, differences are always small, showing values smaller than or similar to the uncertainties of the observational data, but showing a spiral wave shape decreasing along time.
In Figure 9 we represent in a similar way, the corresponding SFR surface density. The figure has again five columns for AZ and SWH-AZ, SWD-AZ, SWS-AZ and SWR-AZ, as for Fig. 8 , with the same times in rows 1 to 5. As in the stellar density distribution, the residuals are similar for all models in the two first times, t = 0.1 and 0.25 Gyr, but they dilute in SWS and SWR afterwards, showing values smaller than 0.05 dex from t=4 Gyr onwards. These differences are also small in SWH and SWD except in the very outer regions of the arms. The differences, however, are higher for the final times for SWS than for SWR, showing more clearly a spiral wave shape in SWS. This implies a different time evolution in the model SWR and a stronger mixing, while SWS still maintains its wave shape.
In Figure 10 , we show the time evolution of oxygen abundance, 12 + log (O/H), as per Figures 8 and 9 . Model SWH shows little differences with AZ at the first three times, until t ≤ 1.2 Gyr, with residuals being below 0.05 dex for later times except in the outer regions of the disc. SWD displays smaller differences than SWH in the first two rows, but they are still observed in the last times shown. Models SWS and SWR show small residuals after 4 Gyr, with the spiral arm being visible only before this time. However, for the later times, differences for all models are equally erased as a function of the angle. For SWR, the co-rotation ring is very clear.
Finally, we plot the nitrogen-to-oxygen abundance ratio log (N/O) in Figure 11 . In this case, the residuals are small, but, interestingly, they become negative in some regions for all models, mainly in the outer part of the spiral arms, where other quantities reach their maxima.
One may conclude from the above results that differences between models AZ and SWH, where the overdensity is assumed to be present in the halo at the initial timestep, are not large. In partic- ular, for the present time, they are not larger than 0.03 dex. Such a value lies below the typical uncertainties in the determination of chemical abundances (and abundance ratios) from observational data. Only for the SFR, measured via Hα intensity, would it be (potentially) possible to see such small differences. It is also clear that if we want to search for residuals larger than the observational uncertainties, it would be necessary to use the results for the first times after the creation of the spiral arm since its effects will erase rapidly after 1-2 Gyr. This is shown with the comparison of our results with observations obtained with VLT/MUSE for the galaxy NGC 6754, as detailed in Sánchez-Menguiano et al. (2016) . We show oxygen abundance residuals as a function of the azimuthal angle, θ, in Figure 12 , at three different galactocentric distances. Thus, in a), we have regions located in R ∼ 8 kpc, in b), R ∼ 6.5 kpc and in c), R ∼ 4 kpc, Figure 8. Time evolution of the stellar surface density Σ * (x, y) in logarithmic scale at: 1)) t = 0.1 Gyr; 2) t = 0.25 Gyr; 3) t = 1.20 Gyr; 4) t = 4.40 Gyr; and bottom) t = 8.60 Gyr. Left panels correspond to the AZ model, with the scale at the left side; while the four right columns are the differences of SW's models compared with AZ results: second column SWH-AZ; third column, SWD-AZ, fourth column SWS-AZ and the fifth, SWR-AZ. In these four cases we represent differences with the same color code: from blue (negative differences) to red (the positive ones). [dex] Figure 9 . Time evolution of the SFR surface density Σ SFR (x, y) in logarithmic scale at: top) t = 0.10 Gyr; second row) t = 0.25 Gyr; third row) t = 1.20 Gyr; fourth row) t = 4.40 Gyr; and bottom) t = 8.60 Gyr. Left panels correspond to the AZ model, with scale at the left side; while the right columns are the differences of SW's models compared with AZ results: second column SWH-AZ; third column, SWD-AZ, fourth column SWS-AZ and fifth column SWR-AZ. In these cases we represent differences with the same color code: from blue (negative differences) to red (the positive ones). Figure 11. Time evolution of the nitrogen-to-oxygen ratio log (N/O)(x, y) at: top) t = 0.1 Gyr; second row) t = 0.25 Gyr; third row) t = 1.20 Gyr; fourth row) t = 4.40 Gyr; and bottom) t = 8.60 Gyr. Left panels correspond to the AZ model, with scale at the left; while the right columns are the differences of SW models compared with AZ results: second column SWH-AZ; third column, SWD-AZ, and fourth column SWR-AZ. In these three cases we represent differences with the same color code: from blue (negative differences) to red (the positive ones). Figure 12 . Differences in oxygen abundances 12 + log(O/H) between AZ and SWH,SWD, SWS and SWR models -in cyan, green, red and blue lines, respectively-as a function of the angle θ for three different galactocentric radii as labelled, compared with the data from SM16 for oxygen abundances differences between arm and inter-arm regions -solid black dots and line. Left panels correspond to t = 13.2 Gyr, while the right ones refer to t = 2.0 Gyr.
for the present time. Taking into account that the galaxy is not the MWG, we would not expect the model to fit exactly the observations, since the spiral density wave might have a different contrast, angular pattern, and pitch angle as those assumed here. For this reason, we have moved the angle of observations by a given constant quantity in each panel. Nevertheless, t is still impossible to reproduce these data with our model abundances for the present time. Therefore, taking into account our previous results, we have used the abundances at an alternative time, t = 2.00 Gyr, in panels d) , e) and f), at the same galactocentric distances as in the left panels. Our results are then in better agreement with the shape of the observations found in NGC 6754 (see Figure 2 from Sánchez-Menguiano et al., 2016) but only for the SWH and SWD models, including a similar decrease on both sides of each maximum. Probably for SWS and SWR it would be necessary to select a time even earlier. The characteristic pattern clearly seen in the right panels -see green, magenta and black lines in panel f)-, with an increase and then a decrease around the typical angle of the spiral arm, is similar to the expected behavior seen by Ho (2019) (see his Figure p23 ), obtained from Ho et al. (2017 Ho et al. ( , 2018 observations (represented as a function of the polar angle). So, we may reproduce this type of variation, including residuals in the appropriate range, with the SWH and SWD models, if we use the early times results.
CONCLUSIONS
A multitude of studies over the past 50 years have explored the chemical evolution of spirals within a 1D framework. In this work, a new generation of 2D models has been developed, building upon our own 1D base. We have run a chemical evolution model with azimuthal symmetry (AZ), which may be compared with the present time radial distributions of stellar density profile, SFR, O/H and N/O abundances, as well as four other models including a spiral density wave (SW) as an overdensity added to the AZ disc. These SW models have been compared with the AZ one, in order to estimate effects of the SW for a spiral galaxy similar to MWG.
The main findings of this study are as follows:
(i) The over-density of the spiral wave modifies only slightly the stellar profile at the present time, the SW models showing differences with AZ as small as ∼ 0.05 dex. Models SWH and SWD without variation of the SW with time, show higher residuals in the outer regions of the disc (R > 15 kpc).
(ii) For the SFR, models show differences for the present time both in the inner and the outer regions of the disc. The outer regions are more affected by the spiral arm in models SWH and SWD. If the rotation of the spiral density wave is taken into account, in models SWS and SWR, the inner regions of the disc have larger differences in SFR compared to the outer ones, reaching values as large as 0.2 dex in a relatively narrow ring around 5 kpc of galactocentric distance,showing a light dependence on azimuthal angle.
(iii) Changes in the distribution of oxygen abundances, 12+log(O/H), at the present time due to the spiral wave are smaller (∼0.03 dex) than in the SFR, and they are below the typical empirical uncertainties associated with observational abundance determinations. They are slightly higher in the outer regions of the disc where reach values of 0.1 dex, The effect of the SW on the N/O abundance ratio is even more difficult to detect, although a abrupt variation appears around 100 and 300
• at R = 14 − 15 kpc, with a decrease just before and an increase just after the spiral arm, with residuals of ∼ 0.02 − 0.03, in the limit of observational uncertainties.
(iv) The differences between AZ and the other four models including the spiral wave, as well as the contrast between the arm and inter-arm regions, change significantly with time, being stronger shortly after including the SW. Furthermore, the azimuthal differ-ences in the last two models including rotation (SWS and SWD) dilute very quickly as a consequence of the high number of times (∼50) that the spiral wave crosses every cell of the disc in our simulations. For evolutionary times greater than a few Gyr, azimuthal trends become hardly observable.
(v) For earlier times, the contrast between arm and inter-arm regions may be similar to the observed one. This implies that if abundance differences arm-interarm there exist, the spiral arm had to be created very close in the time, that is, it last for 1-2 Gyr before the observations, suggesting recurrent spiral wave along the evolution of a disc.
In summary, the spiral arms cause an over-density that modifies only slightly the chemical abundances. In models SWH and SWD, this over-density affects some regions of the galactic disc, mainly in the SFR, where differences are larger or of the same order of magnitude as the observational uncertainties. It would be more challenging to see them in the elemental abundance maps, since they are mostly smaller than the classical uncertainties of ∼0.10 dex. Models SWS and SWR show residuals in all quantities, compared with AZ, but the azimuthal pattern tends to dilute very rapidly with time. This azimuthal pattern might be still visible in the SFR (or H α ); it would be more challenging to observe in the abundances, but might be feasible in the case of a more recent SW where the arm vs inter-arm differences might be measurable.
If we compare the results with existing data, models with the SW included at late times may more easily reproduce the observations, which could imply that spiral arms are relatively recent features, ∼ 1 − 2 Gyr old or even younger. With older ages, the effect on abundances would be diluted. The possible existence of recurrent spiral density waves may be the reason for the observed differences. We shall revisit this subject in our next paper, in which we shall consider variations of the parameters defining the SW and explore alternative formulations that provide a more realistic description of the formation and evolution of the spiral density wave.
